gender, muscle fibre typology), potentially influence the time course of recovery. Recovery in soccer is a complex issue, reinforcing the need for future research to estimate the quantitative importance of fatigue mechanisms and identify influencing factors. Efficient and individualized recovery strategies may consequently be proposed.
Introduction
In elite soccer, the number of competitive matches per season, including domestic, continental and international matches, is very high. During the 2009-10 season ending with the Fe´de´ration Internationale de Football Association (FIFA) World Cup in South Africa, several Spanish players played up to 70 competitive matches. Participation in a single match leads to acute fatigue characterized by a decline in physical performance over the following hours and days. [1, 2] Several studies have reported that more than 72 hours are required to achieve pre-match values for physical performance, as well as normalizing muscle damage and inflammation among elite, [1, 2] first-and second-division players. [3] [4] [5] During periods where the schedule is particularly congested (i.e. two matches per week over several weeks), the recovery time allowed between two successive matches lasts 3-4 days, which may be insufficient to restore normal homeostasis within players. As a result, players may experience acute and chronic fatigue potentially leading to underperformance and/or injury. Ekstrand et al. [6] showed that players who 'underperformed' at the 2002 FIFA World Cup had played a mean of 12.5 matches during the 10 weeks before the event. In comparison, those who performed above expectations had only played nine matches over the same period. In addition, Dupont et al. [7] reported a 6.2-fold higher injury rate in players who played two matches per week compared with those who played only one match per week. During congested schedules, recovery strategies are commonly used in an attempt to regain performance faster and reduce the risk of injury.
A soccer match leads to a physical performance decrement associated with the disturbance of psychophysiological parameters that progressively return to initial values during the recovery process. This article is Part I of a subsequent companion review and deals with (i) post-match fatigue mechanisms; and (ii) recovery kinetics of physical performance, subjective and biochemical markers. The companion review will analyse recovery strategies used by professional soccer teams. This review is justified, given the requirements to recover quickly in order to play mid-week matches or to train hard quicker. It aims to present a pertinent synthesis of research on the fatigue accumulated in elite players following a soccer match and the subsequent recovery process, including the influence of intrinsic and extrinsic factors on the time course of recovery. It also aims to identify relevant markers for future research.
Post-Match Fatigue
Soccer involves many physically demanding activities including sprinting, changes in direction and running speed, jumps and tackles, as well as technical actions such as dribbling, shooting and passing. In performing these activities, a decline in performance known as fatigue can occur. Generally, fatigue is defined as any decline in muscle performance associated with muscle activity. [8] In soccer, fatigue occurs temporarily after shortterm intense periods in both halves; towards the end of the match [9] and after the match. Rampinini et al., [10] for example, observed reductions in knee extensor maximal voluntary activation and electromyographical activity (-8%; p< 0.001 and -12%; p = 0.001, respectively) and knee extensor peak torque responses to paired stimulations at 10 Hz (-9%; p < 0.001) after a match. As mechanisms that cause fatigue during a match have already been reviewed, [9, 11] this section focuses mainly on the potential mechanisms that contribute to post-match fatigue. Match-related fatigue is determined by a combination of central and peripheral factors. [10, 12] The decline in performance observed at the end of a match arises from a combination of several factors involving mechanisms from the central nervous system to the muscle cell itself and energy production. [13] 2.1 Dehydration A negative fluid balance is a common feature observed after soccer matches, given that the soccer rules limit the opportunity for players to rehydrate. The level of dehydration depends upon climatic and atmospheric conditions (weather, wind, temperature, humidity and altitude). After a match played in a hot environment (31.2-31.6°C), Mohr et al. [14] reported a net fluid loss of mean -standard error of mean (SEM) 1.5 -0.1 l or more than 2% of the initial body mass. In addition, a significant correlation (r = 0.73; p < 0.05) was observed between the net fluid loss during the match and the fatigue index in a post-match sprint test. Moderate fluid deficits corresponding to~2% of body mass are common even in soccer matches played in thermoneutral conditions. [1, 15] Although moderate dehydration does not impair anaerobic performance, [16, 17] technical ability [17] and cognitive performance, [18, 19] some studies have shown that moderate fluid loss is detrimental to endurance exercise performance. [20] [21] [22] As dehydration is associated with impaired endurance performance, the time to rehydrate appears crucial. After intermittent cycling exercise leading to a dehydration of 2% of body mass, the main factors that influenced post-exercise rehydration processes were the volume (150% of sweat loss) and composition of the fluid consumed (sodium concentration: 61 mmol/L). [23] It is likely that dehydration plays a limited role in post-soccer match fatigue, as the time to rehydrate is relatively short (6 hours) as long as guidelines are respected. [23] Nevertheless, rehydration appears a determinant factor during the post-match recovery process, as loss of intracellular fluid volume reduces rates of glycogen and protein synthesis, while high-cell volume contributes to stimulate these processes. [24, 25] 
Glycogen Depletion
In a soccer player, muscle glycogen is probably the most important substrate for energy production and the decrement in high-intensity distance frequently observed at the end of a match [26, 27] may be related to depletion of glycogen in some muscle fibres. [11, [28] [29] [30] Krustrup et al. [29] reported that before three matches played by 31 fourth division Danish players, most of all fibres (mean -SEM 73 -6%) were rated as full with glycogen, whereas this value was lower (p < 0.05) after match (mean -SEM 19 -4%). According to these authors, it is possible that such a depletion of glycogen in some fibres does not allow for a maximal effort in single and repeated sprints. The time course of muscle glycogen repletion after a highlevel soccer match is between 2 and 3 days. Jacobs et al. [28] showed that muscle glycogen concentration with eight Swedish top-level players was about 50% of the pre-match value 2 days after a match. Krustrup et al. [30] observed that even when seven first-and second-division Danish players ingested a diet high in carbohydrates, muscle glycogen contents immediately and 24 hours after a match were 43% (p < 0.001) and 27% (p < 0.001) lower than pre-match values, respectively. Forty-eight hours after the match, the glycogen level was not significantly different (-9%; p = 0.096) to prematch values.
Muscle Damage
During a soccer match, intense activities, such as sprints with short distances of deceleration in order to stop or change direction, [31] kick ball, [32] shots on goal, [32] tackles, [32] maximal jumps [32, 33] or direct contacts with opposing players, [32] are repetitively performed. These activities involve many eccentric muscle contractions and have the potential to induce muscle damage. [34] [35] [36] Indeed, changes in direction, accelerations and decelerations are particularly damaging to muscle. In a comparison of the impact of the soccer-specific Loughborough Intermittent Shuttle Test (LIST) [37] versus a soccer match on muscle damage, Magalha˜es et al. [5] explained the absence of additional signs of muscle damage in the match when compared with LIST by the number of turns, including accelerations and decelerations in the LIST. Eccentric muscle contractions during these activities are considerable and may explain the marked increase in both muscle soreness and markers of muscle damage observed after the LIST. [38] A topic of interest for future studies may be the comparison of the impact of a soccer match and simulated soccer exercise [12, 39, 40] on muscle damage markers. Because simulated soccer exercises do not include activities such as contact, jumps, tackles and shots present during a match, these comparisons may help to identify activities that are particularly damaging to muscles. More individualized recovery strategies could be devised on the basis of muscle-damaging activities performed during the match. [41] Exercises to which players are unaccustomed can also induce muscle damage. [42] Consequently, when players stop or reduce practice during off-season or during an injury period, the restart is likely to be characterized by higher muscle damage.
Muscle damage is ascribed to mechanical disruption of the fibre, including membrane damage, myofibrillar disruptions characterized by myofillament disorganization and loss of Z-disk integrity, [43] while subsequent damage is linked to inflammatory processes and to changes in excitation-contraction coupling within muscles. [42] The severity of the muscle damage varies from microinjury of a small number of fibres to disruption of a whole muscle. Muscle damage is characterized by a temporary decrease in muscle function, an increase in intracellular proteins in blood, increased muscle soreness and an increased swelling of the involved muscle group. [44] Consequently, the main following markers are currently used to study muscle damage: maximal voluntary contraction strength, blood markers such as creatine kinase (CK) and myoglobin concentrations, muscle pain, range of motion and swelling.
Muscle damage can also disturb the time course of mechanisms linked to performance recovery after a soccer match. Asp et al. [45] observed that 2 days after eccentric exercise, the glycogen content of damaged muscle was lower compared with control muscle (mean -SEM 402 -30 mmoL/kg dry weight [dw] vs 515 -26 mmoL/kg dw; p < 0.05) with a predominant effect on fast-twitch fibres. The mechanisms for the impaired glycogen synthesis following eccentric exercise remain unknown but the time course of muscle glycogen synthesis after eccentric exercise might be related to the inflammatory cell response to muscle damage. [46] In summary, the repetition of changes of direction, accelerations and decelerations throughout a soccer match induces muscle damage leading to a marked inflammatory response and associated upregulated oxidative stress during recovery. The resulting structural changes in proteins important for force production may cause reduced maximal force-generating capacity and impaired physical performance during the hours and days following the match. Any delay in the repair of muscle damage may additionally impact the outcome of several mechanisms taking place during recovery. As a consequence, muscle damage is likely a major factor to consider in an attempt to explain post-soccer match fatigue.
Mental Fatigue
Participating in a soccer match leads to a physiological disturbance but also induces psychological stress on players due to the need for sustained concentration, perceptual skills and decision making combined with opponent pressure during the match. During a match, the playing environment is constantly changing, players must pick up information regarding the ball, teammates and opponents before deciding on an appropriate response based upon current objectives (e.g. strategy, tactics) and action constraints (e.g. technical ability, physical capacity). [47] Working on cognitively demanding tasks for a considerable time often leads to mental fatigue, which can impact performance. Numerous studies [48] [49] [50] reported that fatigued participants are still able to perform highly over-learned, automatic skills, whereas their performance significantly deteriorates when tasks require the voluntary allocation of attention. Greig et al. [51] examined the cumulative effect of completing a continuous vigilance task on the physiological responses to soccerspecific intermittent activity. They observed that performance of a vigilance task, quantified as the number of errors, deteriorated significantly during the final 30 minutes of the second half. Mental fatigue may also impact physical performance. Marcora et al. [52] measured tolerance to highintensity cycling exercise (i.e. time-to-exhaustion test at 80% peak power output) after 90 minutes of a demanding cognitive task or 90 minutes of watching emotionally neutral documentaries acting as a control. They showed that the cognitive task induced a state of mental fatigue that significantly (p < 0.01) reduced time to exhaustion compared with the control condition (-15%). Studies examining the influence of soccer exercise on cognitive performance have demonstrated conflicting results. [18, 22, 51, 53, 54] Discrepancies between studies may be explained by physiological changes occurring during exercise (e.g. plasma glucose levels, core temperature and level of hydration) that may all affect cognitive performance [18] and/or the effect of exercise-induced physical arousal on cognitive performance. [51, 54] Moreover, these studies selected different cognitive tests with varying sensitivity to test different aspects of the cognitive function. Finally, the influence of learning processes with the task procedures on results should not be excluded. [53] It is important that future studies take into account all these parameters to accurately evaluate the influence of soccer match-induced mental fatigue on the recovery time course of both cognitive and physical performance.
The inconvenience and stress of travel is another factor that may increase mental fatigue in players. Reported detrimental effects of travel on team-sport performance may be explained by the disruption of circadian rhythms (jet lag or arrival during the night) and/or the process of travel, along with the associated stress, restricted motion, unfamiliar sleeping surroundings leading to sleep disturbances [55] and poorer quality of sleep. [56] When the competitive fixture list is congested, there may be insufficient time in between matches for participants to recover their psychological resources, [57] potentially leading to lack of motivation and mental burnout. In a literature review, Nederhof et al. [58] stated that chronic fatigue affects cognitive performance.
Match outcome (win vs loss) may also influence mood state and affect mental fatigue postmatch. Further study could investigate the effect of match result on the mental recovery process and also be included in the studies focusing on the theme of mental fatigue. Future studies are also needed to determine how acute mental fatigue induced by a soccer match and/or chronic fatigue induced by congested calendar and travel impact post-match fatigue.
Summary
Post-soccer match fatigue has many potential causes (dehydration, glycogen depletion, muscle damage, mental fatigue). Because recovery of muscle function is chiefly a matter of reversing the major cause of fatigue, focus for the future may be to identify the mechanism(s) that contribute(s) to post-soccer match fatigue and estimate their quantitative importance. Recovery strategies may consequently be targeted against the major cause of fatigue.
Time Course of Recovery Markers
Post-soccer match fatigue is characterized by a decline in physical performance during the hours and days following the match (tables I to IV). Recovery is considered complete when the player is able to reach or exceed his benchmark performance in a particular activity. [70] During congested periods, the recovery time between two successive matches lasts 72 hours, which may be insufficient to normalize physical performance. [1, [3] [4] [5] In this section, the magnitude of fatigue induced by soccer match and the relevance of markers to track the recovery process is reviewed.
Magnitude of Fatigue
The time course of physical performance recovery following competitive match, friendly match and simulated soccer exercise is presented in tables I-IV. Sprint performance is impaired immediately after exercise by -2% to -9% (table I) . Thereafter, the recovery of sprint performance differs largely between studies with completed recovery occurring between 5 [1] and 96 hours. [2] Soccer Recovery: Part I -Post-Match Fatigue
When tested immediately after exercise, jump performance decrement ranges from no decrement to -12% (table II) . Jump performance completely recovered from 48 hours [2, 4] to more than 72 hours after the exercise. [1, 5] Several studies have used the maximal voluntary strength of knee flexors/extensors as a recovery marker. [1, 3, 5, 40, 59, 63, 67, 68] Irrespective of contraction mode (concentric/eccentric) and speed of assessment, the strength decrement of knee flexors immediately after exercise ranges from no decrement to -36% (table III) ; and the strength decrement of knee extensors immediately after exercise ranges from no decrement to -25% (table IV) .
Several extrinsic/intrinsic causes are susceptible to explain differences between studies in the magnitude of acute exercise-induced performance decrement and the subsequent recovery time course of performance. First, several studies have pointed out the high variability and poor reliability of physical performance such as high-intensity running distance during soccer matches. [7, 27, 71] Physical performance depends not only on the fitness level but also on match contextual factors, such as match status (i.e. whether the team is winning, losing or drawing), [72] quality of the opponent (strong or weak) [72] and match location (i.e. playing at home or away). [72] The nature of the match (i.e. friendly, domestic, continental or international) may similarly influence the number and intensity of runs, collisions carried out by players during the match, as well as the intensity of sustained concentration. Other extrinsic factors potentially influencing the work rate of players are the climatic conditions and type of terrain (e.g. grassy, muddy, snowy, artificial). [73] Differences in the pattern of soccer activities such as accelerations and decelerations, changes of direction [74] and type of playing surface may possibly influence the match-induced strain on muscles and the time course of recovery. Collectively, all these factors contribute to an amount of fatigue that Ascensã o et al. [3] 16 trained M Soccer match 20 m ~7.0 ~6.0 ~5.0 ~5.0
Fatouros et al. [4] 20 m ~8.0 ~5.0 ~3.0
Ispirlidis et al. [2] 14 elite M Soccer match (68 min) 20 m 2.0 2.5 1.6
Magalhães et al. [5] 16 trained M Soccer match 20 m ~9.0 ~7.0 ~6.0 ~5.0
Rampinini et al. [10] 20 elite M Soccer match 40 m ~3.0 ~1.0 NS Ingram et al. [59] 11 trained M Simulated team sport exercise [60] 20 m 1.7
Magalhães et al. [5] 16 trained M LIST [37] 20 m ~5.0 ~1.0 ~1.0 ~1.0
RSA
Krustrup et al. [29] 11 trained M Soccer match 5 · 30 m 2.8
Krustrup et al. [61] 14 elite F Soccer match 3 · 30 m 4
Mohr et al. [62] 16 trained M Soccer match 3 · 30 m 2
Bailey et al. [63] 10 trained M LIST [37] 11 · 15 m NS Ingram et al. [59] 11 trained M Simulated team sport exercise [60] 10 · 20 m NS a Blank cells indicate no data reported.
b Data presented are means (%). F = female; LIST = Loughborough Intermittent Shuttle Test [37] ; M = male; NS = non-significant; RSA = repeated-sprint ability; indicates increase. may greatly vary from one match to another. Second, intrinsic causes such as training status, age, [75] gender and muscle fibre typology [76] may explain inter-individual differences in recovery potential among players in the same team. Identifying these intrinsic factors is a prelude to the development of individualized recovery protocols. Finally, the physical tests (volume, intensity, order) performed during the recovery process could also explain the discrepancies between studies on recovery time courses and will be studied in the next section.
Relevance of Recovery Markers
The battery of tests performed during the recovery process can affect the recovery time course. Numerous hard and long physical tests performed at frequent intervals could induce a cumulative fatigue altering the recovery kinetics of the initial exercise. In this respect, a control group with players performing physical tests but not the initial exercise should be implemented in studies. [2] An appropriate battery of tests should not affect the initial recovery process caused by the experimental condition (i.e. the match). A balance has to be found between the number, the frequency and the order of the tests to make sure these do not affect the following results. Familiarization with both the experimental condition and the battery of tests is another essential step to analyse recovery kinetics. In addition, investigators should check the fatigue induced by their test battery during the pre-test in order to make sure it does not lead to additional fatigue, as well as the reliability of the tests selected. The balance between validity of the recovery marker and its relevance to track the recovery process is another issue to be resolved. For example, 20 m sprint performance is the most ecologically valid [77] recovery marker of sprint ability, since the mean duration of a sprint during an elite soccer match is 2 seconds or about 17 m. [78] However, sprinting over 20 m is insufficient to achieve maximal speed. Conversely, the isolation of muscle groups during maximal voluntary strength assessment reduces the validity of the measurements in regard to the performance of multijoint movements, Thorlund et al. [64] 9 elite M Soccer match CMJ NS Bailey et al. [63] 10 trained M LIST [37] SJ ~2.8
~5.6
Magalhã es et al. [5] 16 trained M LIST [37] CMJ ~12.0
Oliver et al. [65] Robineau et al. [12] 8 trained M Soccer match modelling CMJ NS Robineau et al. [12] 8 trained M Soccer match modelling b Data presented are means (%). CMJ = countermovement jump; F = female; LIST = Loughborough Intermittent Shuttle Test [37] ; M = male; NMT = non-motorized treadmill; NS = nonsignificant; SJ = squat jump;
indicates decrease.
Soccer Recovery: Part I -Post-Match Fatigue Table III . Thorlund et al. [64] 9 elite M Soccer match
Bailey et al. [63] 10 trained M LIST [37] K FL (0) 21.0
14.0
Delextrat et al. [66] 8 trained M LIST [37] K FL CON (60) 17. Delextrat et al. [39] 14 trained F LIST [37] + shots K FL ECC (120) NS Greig [67] Ingram et al. [59] 11 trained M Simulated team sport exercise [60] K FL (0)
8.4
Magalhã es et al. [5] 16 trained M LIST [37] K FL CON (90) ~17.5 ~16.0 ~13.7
~8.7
Rahnama et al. [68] Small et al. [40] 16 trained M SAFT90 [69] K FL CON ( [37] ; M = male; MT = motorized treadmill; NS = nonsignificant; SAFT90 = 90 min soccer-specific aerobic field test; [69] indicates decrease.
but it increases the reliability of the assessment. In this section, physical performance and subjective and biochemical markers frequently used in studies related to soccer are reviewed, with emphasis on their relevance for tracking the recovery process.
Physical Performance Markers
A computerized literature search was performed in PubMed in April 2012. The following keywords were used in different combinations: 'soccer', 'football', 'recovery', 'test', 'sprint', 'jump', 'flexibility', 'range of motion', 'stiffness', 'endurance', 'aerobic', 'passing', 'shooting', 'dribbling', 'juggling', 'skill' and 'technical'. The physical performance markers proposed were retrieved for review on the basis of their relevance in respect to soccer performance and their reliability.
Sprints, Repeated-Sprint Ability and Agility
Short-sprinting performance is an important determinant of match-winning actions. A distance of 20 m is most commonly used to assess the ability of players to sprint during recovery after a soccer match (table I). The energy provision during a single sprint is different to that in repeated sprints performed in an intermittent exercise pattern. [79] Significant correlations were found Rampinini et al. [10] 20 elite M Soccer match K EX (0) ~11.0 ~6.0 NS Thorlund et al. [64] 9 elite M Soccer match K EX (0) 11.0
Bailey et al. [63] 10 trained M LIST [37] K EX (0) NS NS Delextrat et al. [66] 8 trained M LIST [37] K EX CON (60) 16.6 K EX CON (180) 13.7
Delextrat et al. [39] 14 trained F LIST [37] + shots K EX CON (120) NS Greig [67] 10 elite M MT K EX CON (60) NS
K EX CON (180) NS K EX CON (300) NS
Ingram et al. [59] 11 trained M Simulated team sport exercise [60] K EX (0) 5.2
Magalhães et al. [5] 16 trained M LIST [37] K EX CON (90) ~9.5 ~10.5 ~8.5 ~7.0
Rahnama et al. [68] Small et al. [40] 16 trained M SAFT90 [69] K EX CON (120) NS a Blank cells indicate no data reported.
b Data presented are means (%). CON = concentric; ECC = eccentric; F = female; K EX= knee extensors; LIST = Loughborough Intermittent Shuttle Test [37] ; M = male; MT = motorized treadmill; NS = nonsignificant; SAFT90 = 90 min soccer-specific aerobic field test; [69] indicates decrease.
Soccer Recovery: Part I -Post-Match Fatiguebetween repeated-sprint ability test mean time, and very high-intensity running (p < 0.01) and sprinting distance (p < 0.01) quantified during official matches using a computer-aided motion analysis system. [80] Repeated-sprint ability tests may consequently be used during the recovery process to verify if a player is able to meet the high intermittent demands of a soccer match after play. Various repeated-sprint ability tests have been proposed in the literature: six 20 m maximal sprints on a 15-second cycle; [81] the repeated-shuttle-sprint ability (6 · 40 m sprints with 20 seconds of recovery between sprints); [82] the Bangsbo sprint test (7 · 34.2 m sprints with 25 seconds of active recovery periods between sprints); [83] Baker's 8 · 40 m sprint test; [84] the Intermittent Anaerobic Running Test (IAnRT; 10 · 20 m sprints with 20-second recovery periods between the sprints); [85] the Carminatti's test (repeated bouts of 5 · 12-second shuttle running at progressively faster speeds until volitional exhaustion) [86] were all found to be reliable with coefficients of variation (CV) inferior to 10% and intraclass correlation coefficients (ICC) superior to 0.80. [87] However, a repeated-sprint ability test is a more reliable method when results are expressed as the total sprint time rather than fatigue data. [81, 88, 89] Repeated-sprint ability tests are physically exhausting, which may explain the paucity of studies investigating the recovery time course of repeated-sprint ability (table I) . [59, 63] The use of repeated-sprint tests with fewer sprints [61, 62] may be easier to implement during the recovery process. Further studies are still required to compare the recovery time course of repeated-sprint ability and single sprint in professional soccer players. Analysis of the time-recovery course of agility would also be pertinent. [90] Jumps Jumping performance is an important determinant of success in soccer. [91] Squat jump (SJ) and countermovement jump (CMJ) are the main jumps generally assessed after a soccer match (table II) and are easy and quick to implement in order to test anaerobic qualities. Vertical jumping height correlates well with maximal strength in half squats (r = 0.78; p < 0.02), 10 m (r = 0.72; p < 0.001) and 30 m sprint time (r = 0.60; p < 0.01). [92] Moir et al. [93] reported that the test-retest reliability for SJ and CMJ was high: ICC ranged from 0.89 to 0.95, while CV ranged from 1.9% to 2.6%. For measurement accuracy this test has to be assessed by a portable force plate and, to a lesser extent, by a contact mat; [94] jump testing procedures have to be standardized [95] and a standardized warm-up before CMJ testing should not include static stretching. [96] [97] [98] An SJ test uses a concentriconly action while a CMJ test uses a stretchshortening cycle (SSC), with differences in the recovery kinetics between conditions. [99, 100] Stretchshortening-cycle recruitment is strongly implicated with exercise fatigue. [101] As soccer match play involves many SSC actions, CMJ performance may be more appropriate to verify if a player is ready to meet the demands of the match. Other jump tests have been proposed in the literature. The five-jump test (five forward jumps with alternating left-and right-leg contacts) [102] may be an explosive strength diagnostic tool to estimate changes in neuromuscular fatigue in athletes who complete substantial 'on legs' training. [103, 104] Triple-hop distance test (three maximal hops forward on the dominant limb) and the test proposed by Bosco et al. [105] (maximal number of jumps performed during a certain period of time) are also useful and reliable tests to predict an athlete's lower limb strength and power. [106, 107] 
Maximal Voluntary Strength
Match-related fatigue that induces impairment of maximal voluntary strength is determined by a combination of central and peripheral factors both immediately after the match and during the recovery process. [10, 12] Central fatigue appears to be the main cause of the decline in maximal voluntary strength, while peripheral fatigue seems to be more related to muscle damage and inflammation. [10] Repetition of changes of direction, accelerations and decelerations throughout a soccer match induces muscle damage. Warren et al. [108] stated that measurement of maximal voluntary contraction torque provides the best method for quantifying muscle damage as it is accurate and reliable. Many authors have reported a greater loss of strength in the knee flexors, compared with the knee extensors after fatigue induced by soccer-specific exercise. [39, 40, [66] [67] [68] The fact that knee flexors are particularly prone to fatigue in soccer may explain why these muscles are commonly strained in soccer (12% of the total injuries), [109] with the greatest injury rate occurring in the two 15-minute periods at the end of both halves. [110] Many authors performed the isokinetic test on the dominant leg only. [1, 3, 5, 40, 59, 63, 67] A justification may be that a greater number of injuries are sustained to the players' dominant side compared with the non-dominant side (50% vs 37%; p < 0.01).
[110] Greig [67] reported the test-retest reliability of peak concentric knee extensor/flexor torque and peak eccentric knee flexor torque at isokinetic speeds of 60°, 180°and 300°/second. The reliability was good (ICC > 0.75) to excellent (ICC > 0.90) with low-velocity measures (i.e. 60°/second) proven to be the most reliable. However, these velocities are still far away from multijoint movement velocities, with velocity as high as 970°/second reported for knee flexion during sprinting. [111] Differences in reliability also exist between flexion and extension. In a meta-analytic review, Hopkins et al. [112] reported a higher CV for flexion than extension isokinetic tests leading to a ratio of CV for flexion/extension equal to 1.3. Extension is consequently a more reliable mode of isokinetic movement than flexion. The functional ratio between the eccentric strength of the knee flexors and the concentric strength of the knee extensor muscles has been considered to be indicative of the joint-stabilizing effect of the knee flexors during knee extension. [113] Simulated soccer exercise results in significant reductions in the functional hamstrings-to-quadriceps ratio ranging from 8.0% to 29.8% between the start and end of the exercise. [39, 40, [66] [67] [68] This ratio could be used to estimate the player's injury risk during recovery from a soccer match.
Flexibility
Contradictory findings have been reported in the literature concerning the effect of flexibility on performance and injury rate. [114] However, as range of motion provides a reliable means of quantifying the functional decrements resulting from muscle damage, [108] the use of various reliable flexibility tests (i.e. sit and reach, back-againstthe-wall v-seat and reach test, leg lift from supine position, backward leg lift from a prone position, straddle in supine position and lateral leg lift while lying on the side) should be encouraged in future studies. [115] There is currently a paucity of data in the literature regarding the recovery time course of flexibility after a soccer match. Ispirlidis et al. [2] used knee range of motion as a recovery marker. They reported that the knee range of motion was decreased within the 48-hours postmatch. Cone et al. [116] did not find time-related changes in lower extremity vertical stiffness in jumping after a soccer match simulation.
Aerobic Performance
As a result of the match duration, soccer is mainly dependent upon aerobic metabolism with the maximal oxygen uptake in male outfield players varying from about 50-75 mL/kg/min. [117] The assessment of aerobic performance during the recovery process after a soccer match requires careful consideration due to the fatigue induced by such tests. Future studies are required to propose indirect evaluation of aerobic fitness using other protocols such as repeated-sprint tests. [118] [119] [120] A topic of interest may also be to determine if aerobic fitness can influence the recovery time course of anaerobic markers during the hours and days following a match.
Technical Skills
Success in soccer match play is associated with performance in skill-related actions, such as dribbling, passing and shooting. [121, 122] Russell and Kingsley [122] extensively reviewed soccer skill tests, which can be categorized into tests that assess ball control and tests that measure ball accuracy. Ali et al. [123] assessed the reliability of the Loughborough Soccer Passing Test (LSPT) and the Loughborough Soccer Shooting Test (LSST) -two common tests that measure ball accuracyamong elite players. They reported that shooting is the most variable skill since the LSST exhibited ICC from 0.31 to 0.64 and CV from 3.5% to 49.4%, depending on the variable whereas the LSPT exhibited an ICC of 0.42 and a CV of 11.2%. The high variability in shooting performance has also been confirmed by other authors. [124] However, shooting performance appears most susceptible to deterioration after exercise [122, [125] [126] [127] than dribbling [126] [127] [128] and passing for which equivocal findings are reported. [10, 126, [129] [130] [131] [132] [133] These equivocal findings may be linked to differences in the standard of soccer players. [10, 129] Fatigued players may actually be less likely to use the correct technique and thus more likely to sustain a more serious injury while performing poorly executed actions. [134] The restoration of soccer-specific skills during the recovery process and especially shooting should be followed in future studies to ensure that the recovery of players is adequate.
Summary
A battery of tests to track the recovery process should include measures of physical performance. [70] The order of the tests is an important factor to take into account: a battery of tests beginning with brief anaerobic tests (e.g. CMJ, SJ) and finishing with exhausting tests (e.g. repeated sprints or aerobic performance) seems appropriate. Evaluation of other recovery markers (i.e. cognitive, subjective and biochemical markers) is required to investigate the underlying physiology and mental component of the recovery process.
Cognitive Function
Perceptual abilities (such as reaction time, decision making, visual scanning, spatial awareness and anticipation) are required to execute soccer-specific skills. Nederhof et al. [58] proposed that demanding tasks of psychomotor speed (e.g. the Vienna Determination Test performed under time pressure) might be a relevant variable for the early detection of disturbed stress regeneration balance. Fatigue led to an increased number of errors and an increase in reaction time. [49] Future studies may investigate the influence of soccer match-induced mental fatigue on the recovery time course of psychomotor speed performance. Consequently, psychomotor speed may potentially be used as an additional recovery marker to track the recovery process. However, steps to ensure familiarization should be carefully followed so that the results can be considered stable and reliable. Reliability of the tests should also be checked before starting the experimentation.
Subjective Markers
Assessment of changes in subjective feelings of muscle soreness also constitutes a pertinent marker of recovery. It is important that subjects are fully familiarized with any perceptual rating scale. Since this is a highly individualized measurement, it should be used primarily to detect intra-individual changes. Studies related to recovery from a soccer match measured the recovery time course of subjective muscle soreness with emphasis on lower body muscles i.e. knee extensors and flexors. [2, 4, 38, 59] Soccer players exhibit pronounced muscle soreness immediately postexercise. Muscle soreness usually peaks 24-48 hours after exercise, an exercise-induced phenomenon referred to as delayed onset muscle soreness (DOMS). [135] To account for the multifactorial aspects of the recovery process, subjective ratings of quality of sleep, fatigue and stress may be additionally assessed. [136] Kentta¨and Hassme´n [137] developed the total quality of recovery scale to measure psychophysiological recovery (i.e. mood states and body signals such as sensations of soreness or heaviness). The daily analysis of life demands for athletes questionnaire is also a useful non-fatiguing measure that can be used to monitor general changes in the fatigue and recovery states.
[104]
Biochemical Markers
Muscle proteins CK and myoglobin leak into the plasma from skeletal muscle fibres when they are damaged. Immediately after exercise, rises in CK concentration range from +70% to +250%, peak at 24-48 hours after the match and return to baseline between 48 and 120 hours after depending on the magnitude of the peak: the higher the peak, the longer the time to return to baseline (table V) . Discrepancies between studies may be due to the nature of the protocol (i.e. contact or noncontact exercise). [139] Although the validity of CK as a marker of muscle damage is questionable, [38, 108, 140] CK is used widely as the magnitude of increase is so great relative to other proteins. Moreover, CK remains elevated for several days in comparison to other proteins such as myoglobin that normalizes before 24 hours post-exercise. [3, 5, 63] Professional soccer players participating in daily training have persistent high-resting CK values that make the establishment of baseline values difficult. In this respect, Mougios [141] introduced valuable reference intervals for CK assayed spectrophotometrically in male soccer players (83-1492 U/L at 37°C). Gender affects the reference interval for CK, with males having higher reference limits than females but age (range 7-44) does not seem to affect the reference interval. [141] Muscle damage initiates a local inflammatory response involving the production of cytokines. These cytokines facilitate a rapid and sequential invasion of muscle by inflammatory cell populations that can persist for days to weeks while muscle repair, regeneration and growth occur. [142, 143] The local production of cytokines is accompanied by a systemic response known as the acute phase response. Interleukin (IL)-6 is produced in larger amounts than any other cytokine and has been shown to precede that of other cytokines suggesting that IL-6 plays an initial role in the cytokine cascade. [2, 142, 144, 145] IL-6 peaks immediately after the match, rapidly declines towards preexercise levels and is normalized 24-hours postmatch. [2, 146] The increase in the acute phase c-reactive protein (CRP) is more persistent with elevation reported up to 48-hours post-exercise. [59] CRP may be more sensitive than CK, myoglobin and lactate dehydrogenase to evaluate muscle damage induced by contacts. [147] During a soccer match, high absolute levels of mitochondrial oxygen consumption combined with ischaemia-reperfusion events in skeletal muscle lead to the generation of reactive oxygen species Creatine kinase
Andersson et al. [1] 17 elite F Soccer match 152 ~190 ~70 NS
Ascensã o et al. [3] 16 trained M Soccer match ~75 ~300 ~300 ~200
Fatouros et al. [4] 20 trained M Soccer match 200 350 600 500
Ispirlidis et al. [2] 14 elite M Soccer match (68 min) 154 400 710 637 358 NS NS Magalhães et al. [5] 16 trained M Soccer match ~250 ~750 ~500 ~350
Rampinini et al. [10] 20 elite M Soccer match 110 124 63 Bailey et al. [63] 10 trained M LIST [37] ~70 ~130 ~200 NS Ingram et al. [59] 11 trained M Simulated team sport exercise [60] 147 310 136
Magalhães et al. [5] 16 trained M LIST [37] ~225 ~600 ~450 ~250
Thompson et al. [38] 7 trained M LIST [37] 108 283 94 NS
Uric acid
Andersson et al. [1] 9 elite F Soccer match 11 NS NS NS Andersson et al. [138] 16 elite F Soccer match 11 NS NS NS
Ascensã o et al. [3] 16 trained M Soccer match ~50 ~15 ~15 ~20
Fatouros et al. [4] 20 trained M Soccer match NS 34 47 NS Ispirlidis et al. [2] 14 elite M Soccer match (68 min)
Magalhães et al. [5] 16 trained M Soccer match ~75 NS NS NS LIST [37] ~25 a Blank cells indicate no data reported.
b Data presented are means (%). F = female; LIST = Loughborough Intermittent Shuttle Test [37] ; M = male; NS = nonsignificant; indicates increase.
(ROS). [3] The inflammatory response to exerciseinduced muscle injury also enhances ROS generation. [3] The increase in ROS production may overwhelm antioxidant capacity causing oxidative stress. Uric acid is largely used as an oxidative stress marker because it accounts for nearly one-third of the total antioxidant capacity increase during exercise. [2] Rises in uric acid concentrations range from no increase to +75% immediately after exercise and remain elevated up to 96 hours post-exercise (table V) . In addition to uric acid, changes in many oxidative stress markers and antioxidants have been studied following a soccer match. [2] [3] [4] [5] 138] However, comparisons across studies are difficult as the markers studied are different.
Changes in hormones have also been studied following a soccer match. In respect to cortisol, conflicting results are present in the literature, [2, 148] which may be explained by the large intraindividual and interindividual variability in responses. [148] Testosterone concentrations among young soccer players are still reduced 72 hours after playing full competitive matches on consecutive days whereas reductions in cortisol concentrations were unclear. [149] Maso et al. [150] found that it is more useful to follow variations in testosterone (an anabolic hormone) than variations in cortisol (a catabolic hormone) to determine the degree of tiredness in young international rugby players.
In conclusion, biochemical markers are useful to investigate the underlying physiology of the recovery process. An ideal biochemical marker should detect a major part of muscle damage, inflammatory response or oxidative stress; the CV between different assays of the same sample should be small in comparison with the difference between subjects; its levels should not vary widely in the same subjects under the same conditions at different times; it must employ chemically robust measurement technology; it must not be confounded by diet; and it should ideally be stable on storage. [151] Since no single biochemical marker can meet all these requirements, the use of a variety of biochemical markers is important to monitor the recovery process after a soccer match.
Conclusion
Fatigue following a soccer match is multifactorial and related to dehydration, glycogen depletion, muscle damage and mental fatigue. The recovery process of fatigue mechanisms is highly variable and depends on several confounding factors such as the magnitude of fatigue induced by a soccer match, as well as extrinsic and intrinsic factors. Markers used to study the recovery process must be reliable. Another parameter to take into account for studies on this theme concerns the balance between monitoring the recovery process after a real match or that after soccer-specific exercise simulating match-play. As a consequence of the unpredictable changes that occur during a real match, the recovery process can present a high interindividual variability. Variability of physical performance is high and is linked to many factors that are sometimes unpredictable such as scoring one or two goals during the first 15 minutes, which could reduce the high-intensity distance in the assessed team. Thus, tracking the recovery process after a real match appears to be valid but limited in practice as the results can change according to the match. Tracking the recovery process after exercise that simulates certain conditions of the match is interesting to both control and manipulate some variables. However, the applicability of findings arising from laboratory settings can be questioned in relation to the realmatch context. Recovery in soccer is a complex issue reinforcing the need for future research to (i) estimate the quantitative importance of mechanism(s) that contribute(s) to post-match soccer fatigue; and (ii) identify influencing factors, targeting the major cause of fatigue at a specific timepoint, which should provide valuable information on what recovery strategies may be the most effective to be administered at that specific timepoint. Part II of this review will deal with recovery strategies used by professional soccer teams.
